Taiji, a space-based gravitational-wave detector, consists of three satellites forming an equilateral triangle with arm length of 3 × 10 6 km, orbiting around the Sun. Taiji is able to observe standard siren events of massive black hole binary (MBHB) merger, which is helpful to probe the expansion of the universe. In this paper, we preliminarily forecast the capability of Taiji for improving cosmological parameter estimation with the gravitational-wave standard siren data. We simulate five-year standard siren data based on three fiducial cosmological models and three MBHB growth and formation models. It is found that the standard siren data from Taiji can effectively break the cosmological parameter degeneracies generated by the cosmic microwave background (CMB) anisotropies data, especially for dynamical dark energy models. The constraints on cosmological parameters are significantly improved by the data combination CMB+Taiji, compared to the CMB data alone. Compared to the current optical cosmological observations, Taiji can still provide help in improving the cosmological parameter estimation to some extent. In addition, we consider an ideal scenario to investigate the potential of Taiji on constraining cosmological parameters. We conclude that the standard sirens of MBHB from Taiji will become a powerful cosmological probe in the future.
I. INTRODUCTION
After decades of development, the study of cosmology has entered the era of "precision cosmology". In order to answer the core questions of the modern cosmology, it is important to precisely measure the cosmological parameters. The observation of cosmic microwave background (CMB) anisotropies from the Planck satellite mission strongly favors a base six-parameter Λ cold dark matter (ΛCDM) model that has been usually viewed as the standard model of cosmology. However, some cracks have recently appeared in the ΛCDM model. Namely, there appear some tensions between the Planck results (based on the ΛCDM model) and other low-redshift astrophysical observations, among which the most prominent one is the Hubble constant tension. The Hubble constant tension between the Planck fit value [1] and the cepheid-supernova distance ladder measurement value [2] is now at about the 4.4σ level. Some extended cosmological models considering new physics beyond the standard ΛCDM cosmology have been proposed to resolve the Hubble tension, but actually no one can truly resolve the tension [3] .
In fact, the Planck CMB data alone can only measure the base parameters at high precision for the base ΛCDM model, and when the model is extended to include new parameters the Planck data alone cannot provide precise measurements for them. Therefore, low-redshift cosmological probes, such as the baryon acoustic oscillation (BAO) observation and the type Ia supernova (SN) ob- * Electronic address: zhangxin@mail.neu.edu.cn servation, are needed to combine with the CMB data to break the cosmological parameter degeneracies.
So far, almost all the cosmological probes are based on the electromagnetic (EM) observations. However, recently, the detections of gravitational wave (GW) signals from the compact binary merger events have opened a new window to observe the universe. In particular, the first detection of the GWs from the binary neutron star (BNS) merger, i.e. GW170817, initiated the new era of multi-messenger astronomy, which provides a new possibility to explore the universe with the combination of GW and EM observations. GWs can serve as "standard sirens" [4, 5] , because the waveform of GW carries the information of the absolute luminosity distance to the source. If the redshift of the EM counterpart of the GW source can be determined, then a distance-redshift relation can be established to be used to probe the expansion history of the universe. The event of GW170817 has been employed to independently measure the Hubble constant, and it has been shown that the result accommodates the results of Planck and SHoES [6] .
A series of recent works indicate that the nextgeneration ground-based GW detectors can provide lots of standard siren data coming from BNS merger events, which can be used to constrain cosmological parameters at high precision, and thus in the future the standard sirens would be developed into a powerful new cosmological probe . In particular, the GW standard sirens can play a significant role in breaking the cosmological parameter degeneracies generated by the current EM cosmological observations [16, 17, [28] [29] [30] . Furthermore, space-based GW detectors have also been developing, and the inspiral and merger of massive black hole binary (MBHB) detected by them may offer a unique sample of standard sirens at high redshifts [31] .
The Laser Interferometer Space Antenna (LISA) 1 , a space-based GW detector, aims at detecting GW signals within mHz range (i.e. 10 −4 Hz to 1 Hz). LISA has three satellites forming an equilateral triangle with arm length of 2.5 × 10 6 km [32] . This constellation orbits around the Sun at the ecliptic plane behind the Earth.
Similarly, Taiji is a space-based GW detector proposed by the Chinese Academy of Sciences. Taiji also consists of a triangle of three satellites but with arm length of 3 × 10 6 km [33, 34] . Thus, Taiji is more sensitive to lowfrequency ranges. Besides, Taiji precedes the Earth in the heliocentric orbit, leading to a LISA-Taiji network, which can significantly improve the measurement of sky location [35] . Some other studies about Taiji have also been conducted in Refs. [36] [37] [38] . Nevertheless, the forecast for the capability of Taiji in the future cosmological parameter estimation has never been seriously studied. Similar issues concerning LISA and TianQin [39] [40] [41] [42] [43] [44] have been investigated in Ref. [31, 45, 46] . Therefore, in this paper, we make a forecast for the prospect of Taiji in cosmological parameter estimation by using the simulated standard siren data. We first investigate its capability of constraining cosmological parameters with the standard siren data from Taiji alone. Then we combine the standard siren data from Taiji with other EM cosmological probes to study its effect to break the degeneracies between the cosmological parameters. In addition, we investigate how precise Taiji may achieve if ignoring the redshift error.
This paper is organized as follows. In Sec. II, we briefly introduce the methods to simulate the standard siren data from Taiji and to estimate the cosmological parameters in three typical cosmological models. The results and relevant discussions are showed in Sec. III.
Finally, conclusion is given in Sec. IV.
II. METHODS AND DATA

A. Configuration of Taiji
The GW signal from the inspiral of non-spinning MBHB can be modeled by the restricted post-Newtonian (PN) waveform. Two polarization amplitudes of the GW signal are given by (1) where F +,× are the antenna pattern functions, (θ, φ) denote the longitudinal angle and the azimuthal angle of the source relative to the Sun, and ψ is the polarization angle of GW. The antenna pattern functions can be written as F (1)
Taiji can be equivalently considered as a combination of two independent interferometers. Another equivalent antenna pattern function is
The specific configuration of the GW detector determines the forms of D +,× that generally depend on the GW frequency. For the inspiral process, we use the lowfrequency approximation given in Ref. [35] ,
where α = 2πf m t + κ is the orbital phase of the guiding center, and β = 2πn/3 (n = 0, 1, 2) is the relative phase of three spacecrafts. Here κ is the initial ecliptic longitude of the guiding center and f m = 1/yr.
Using the stationary phase approximation, the Fourier transform of the strain Eq. (1) in frequency-domain can be obtained,
In this paper, "∼" above a function denotes the Fourier transform of the function. M c = (1 + z)η 3/5 M is the observed chirp mass, M = m 1 + m 2 is the total mass and η = m 1 m 2 /M 2 is the symmetric mass ratio. The definition of the function Ψ can be found in Ref. [35] . The effective luminosity distance to the source D eff is given by
where d L is the absolute luminosity distance to the source and ι is the inclination angle between the orbital angular momentum axis of the binary and the line of sight.
To study the signal in the Fourier space, we should denote time in terms of frequency observed on the Earth using the function [47, 48] 
where t c is the coalescence time of MBHB. In our analysis, we only consider the leading term [35] and set t c = 0. The combined signal-to-noise ratio (SNR) for the network of two equivalent independent interferometers is
where ρ (i) = (h (i) |h (i) ), with the inner product being defined as
where S n (f ) is the one-sided noise power spectral density. We have limited the integral within [f min , f max ] for simplicity of calculation. For Taiji, S n (f ) is adopted from Ref. [37] , the lower and upper cutoff frequencies are chosen to be f min = 10 −4 Hz and f max = c/2πL 0.05 Gm L Hz [11] , respectively, and the SNR threshold is 8 for a detection.
B. Property of GW source
The unclear birth mechanisms of MBHB lead to the uncertainties in predicting the event rate of MBHB. Based on semi-analytical galaxy formation model, three MBHB models defined by divers combinations of mechanism of seeding and delays are presented in Ref. [49] .
• Model popIII: This model assumes that light MBH seeds from popIII stars and there are delays between MBH and galaxy mergers.
• Model Q3d: In this model, MBH is assumed to seed from the collapse of protogalactic disks. As in the popIII model, the delays between MBH and galaxy mergers are also considered. Taiji is very similar to the configuration N2A2M5L6 of LISA, as can be seen from their sensitivity curves in Fig. 1 . Therefore, we assume that the Taiji's detection rates of MBHBs are identical to those of the LISA. This assumption is reasonable for a preliminary estimate considering the huge uncertainties in MBHB. We select the detection rates and the redshift distribution from Ref. [50] and the five-year lifetime of Taiji. For the pop III, Q3d, and Q3nod models, we consider 28, 27, and 41 standard siren events, respectively. Without loss of generality, we randomly sample the mass of the black hole, the position angles θ, φ, the polarization angle ψ, and the inclination angle ι in the five parameter intervals: [10 4 , 10 7 ] M , [0, π], [0, 2π], [0, π], and [0, π], respectively.
C. Method of constraining cosmological parameters
The Fisher matrix can be used to propagate the errors between different parameters. In this paper, we focus on how the measurement errors of the luminosity distance are propagated to the constraint errors of the cosmological parameters. For a cosmological model with parameters θ i , the entries of the Fisher matrix are defined as
where the sum is over all MBHB merger events, z n is the redshift of the nth GW event, and the derivatives of d L are evaluated at the fiducial values of cosmological models. The fiducial values are set to be the best-fit values derived from the CMB+BAO+SN data. The measurement error of luminosity distance σ dL in our work consists of the following aspects.
• Instrumental error: By applying the Fisher matrix to the GW waveform, the instrumental error on the measurement of luminosity distance is
• Weak-lensing error: The main systematic error at high redshift comes from weak lensing. For the fitting formula of weak-lensing error, we adopt the form in Ref. [31] ,
Notice that we consider a de-lensing factor of two in our simulation for an optimistic forecast.
• Peculiar velocity error: The error due to the peculiar velocity of the source should also be included,
where we roughly set the peculiar velocity of the source with respect to the Hubble flow v 2 = 500 km s −1 .
• Redshift error: The process of measuring the redshift of a GW source with optical probes also produces error. This error could be ignored if the redshift is measured spectroscopically, but it should be taken into account when using photometric redshift for the distant source. For the latter, we estimate the error on the redshift as (∆z) n 0.03(1 + z n ) [51] and propagate it to the error on d L . The numbers of photometric observation events are set to be consistent with those in Ref. [31] . For the pop III, Q3d, and Q3nod models, we consider 17, 14, and 25 photometric observation events, respectively.
In order to get the necessary statistics, for each selected combination of MBHB model and cosmological model, we construct 1000 catalogs to calculate the mean errors of cosmological parameters using Fisher matrix. The catalog that gives the errors closest to the mean errors is selected as a representative. This representative GW data set is used to infer the posterior probability distributions of cosmological parameters by the Markov-chain Monte Carlo analysis [52] . For the GW standard siren measurement with n simulated data points, we can write its χ 2 as
whered L (z n ) andσ dL (z n ) are the nth luminosity distance and the error of luminosity distance, respectively, from the simulated GW data.
D. Cosmological models and electromagnetic observational data
For a dark energy with the equation of state (EoS) w(z) = p de (z)/ρ de (z), the Hubble parameter H(z) can be given by the Friedmann equation,
and the luminosity distance is given by
In this work, we consider three cosmological models: For the EM observational data, we consider CMB, BAO, and SN in this work. For the CMB observation, we use the "Planck distance priors" derived from the Planck 2018 data release [55] , instead of the full power spectra data from Planck. For the BAO data, we consider the measurements from 6dFGS at z eff = 0.106 [56] , SDSS-MGS at z eff = 0.15 [57] , and BOSS-DR12 at z eff = 0.38, 0.51, and 0.61 [58] . For the SN data, we use the latest sample from the the Pantheon compilation [59] .
III. RESULTS AND DISCUSSIONS
We consider three fiducial cosmological models described in Sec. II D, and for each of them we consider three MBHB models described in Sec. II B. The results of these cases with some relevant discussions are displayed in this section. We first report the constraint results from the standard siren data of Taiji alone, and then combine these data with the EM observations.
A. Standard sirens alone
In this subsection, we will first use the simulated standard siren data from Taiji alone to constrain cosmological parameters, and then briefly discuss the comparison We find that the constraints of cosmological parameters based on the Q3nod MBHB model are always the best for all the cosmological models. The reason is obvious, i.e., the predicted event number in the Q3nod model is maximal among the three MBHB models. In Fig. 2 , we show the marginalized posterior probability distribution contours in the Ω m -H 0 plane for the ΛCDM model as an example. Quantitatively, the data from Taiji in the Q3nod model can achieve the relative errors ε(Ω m ) = 5.1% and ε(h) = 1.0% for ΛCDM, and ε(w) = 18% for wCDM. As a contrast, the Q3d model leads to the results ε(Ω m ) = 7.7% and ε(h) = 1.8% for ΛCDM, and ε(w) = 31% for wCDM. For the CPL model, the Taiji data alone cannot constrain the cosmological parameters effectively, and so we do not discuss it here.
In the last part of this subsection, we briefly discuss the comparison of different space-based GW detectors (i.e. Taiji, LISA and TianQin). From the results in Ref. [46] , we find that the constraints from Taiji are almost the same with those from LISA in all cases and are always tighter than those from TianQin. This is because Taiji and LISA are similar, and the arm length of TianQin is smaller by about an order of magnitude. 
B. Combination with CMB
In this subsection, the simulated standard siren data will be combined with CMB data to study its help in improving the cosmological parameter constraints, and the results will be compared with those from the data combination CMB+BAO. The results of the CMB, CMB+BAO, Taiji, and CMB+Taiji are given in the third, fourth, sixth, and seventh columns of Table I , respectively.
We show the contours for the ΛCDM in Fig. 3 , with only the best case of Taiji (i.e. the Q3nod model). It is obvious that the constraints from Taiji are weaker than those from CMB for the ΛCDM model. We can see that the combined CMB+Taiji data can still lead to evident improvement for the cosmological parameter estimation even for the ΛCDM model. Concretely, the current CMB data combined with the simulated Taiji(Q3nod) data give the relative errors ε(Ω m ) = 1.9% and ε(h) = 0.64% for the ΛCDM model, indicating that the constraints on the parameters are both improved by about 29% compared with those using the CMB data alone.
In Fig. 4 , we show the constraint results for the wCDM model. We can see that in this case in the Ω m -H 0 plane the contours from CMB and Taiji are roughly orthogonal, and thus the parameter degeneracy generated by the CMB observation is thoroughly broken by the GW standard siren observation of Taiji. The GW observation can provide a rather good measurement for the Hubble constant H 0 , and so the parameter degeneracy directions generated by the GW observation are different from those by the CMB observation. We know that the CMB data alone cannot tightly constrain the EoS of dark energy, w, which can be directly seen in Fig. 4 . Actually, the GW observation from Taiji also cannot provide a tight constraint on w. However, due to the parameter degeneracies being broken, the combination of the two can offer a rather tight constraint on w. The combination of CMB+Taiji(Q3nod) gives the constraint relative errors ε(Ω m ) = 2.3%, ε(h) = 1.2%, and ε(w) = 3.8% for wCDM. We find that, compared to the current CMB data, the constraints on Ω m , h, and w are improved by 87%, 88%, and 83%, respectively. For the CPL model, neither the CMB data nor the GW data alone can provide a tight constraint on w 0 and w a . Actually, the CMB data alone can only provide a rather poor constraint on the EoS of dark energy. However, due to the degeneracy being broken by the GW data, the inclusion of the GW standard siren data from Taiji improve the constraints on w 0 and w a by 77% and 80%, respectively.
The BAO data, as a low-redshift observation, are often adopted as a complement to combine with the CMB data to constrain dark energy models. Therefore, we wish to compare the cases of CMB+BAO and CMB+Taiji (see Table I ). We find that, for the ΛCDM model, CMB+Taiji(Q3nod) can provide similar constraints as CMB+BAO. For the wCDM and CPL models, CMB+Taiji(Q3nod) can provide better constraints than CMB+BAO. For example, as shown in Fig. 5 , the 1σ errors on w 0 and w a are 0.29 and 0.77, respectively, by CMB+BAO, and 0.23 and 0.63, respectively, by CMB+Taiji(Q3nod). The results indicate that the GW standard siren data from Taiji may be an important cosmological probe to be combined with CMB in the future.
C. Combination with CMB+BAO+SN
We further combine the simulated standard siren data from Taiji with the CMB+BAO+SN data. We also consider an ideal scenario to investigate the potential of Taiji in improving the cosmological parameter estimation. The results are given in Tables I and II . Note that we use CBS to represent CMB+BAO+SN for convenience in the tables.
In Table I , we list the constraint results of the data combinations CMB+BAO+SN, Taiji, and CMB+BAO+SN+Taiji. The contours for the ΛCDM and wCDM models are shown in Fig. 6 , where the Taiji(Q3nod) data are used. The CMB+BAO+SN data can provide almost the best constraints on cosmological parameters so far, and actually the GW data alone from Taiji can only provide loose constraints on cosmological parameters (except for the Hubble constant). But owing to the fact that the parameter degeneracies can be broken by the standard sirens, the inclusion of the GW standard siren data from Taiji can still significantly improve the cosmological parameter estimation. The combination CMB+BAO+SN+Taiji(Q3nod) gives the constraint precisions ε(Ω m ) = 1.6% and ε(h) = 0.5% for ΛCDM, and ε(w) = 2.9% for wCDM. We find that, compared with the results of CMB+BAO+SN, the constraints on the parameters Ω m , h, and w are improved by 18%, 20%, and 15%, respectively, by including the Taiji(Q3nod) data.
In fact, the error of luminosity distance is mainly Thus we consider an ideal scenario to investigate the potential of Taiji to constrain cosmological parameters, in which all the redshift errors are assumed to be ignorable and the weak-lensing error is reduced to 25%. We forecast the cosmological parameter errors for the ΛCDM model from the Taiji data alone and from the combination CMB+BAO+SN+Taiji, with the results shown in Table II . We still choose the Q3nod model as an example, as shown in Fig. 7 . In the ideal scenario, the errors of cosmological parameters inferred from Taiji alone are reduced by about 50% for all the three MBHB models, compared with the results given in Sec. III A. Therefore, in the future, Taiji may improve the cosmological parameter estimation in a more efficient way. Indeed, the combination of CMB+BAO+SN+Taiji(Q3nod) gives the constraint precisions ε(Ω m ) = 1.1% and ε(h) = 0.37% for the ΛCDM model, and we find that compared with the case of CMB+BAO+SN the constraints are improved by about 40% and 43%, respectively, by including the Taiji(Q3nod) data.
IV. CONCLUSION
In this work, we discuss the capability of Taiji, a China's space-based GW detection project, on improving the cosmological parameter estimation in the future by using the GW standard siren observation. In the data simulation of the GW standard sirens for Taiji, we consider three models for MBHB, i.e., pop III, Q3d, and Q3nod. We consider three typical dark energy cosmological models as examples to make an analysis, i.e., the ΛCDM, wCDM, and CPL models.
We find that, among the three MBHB models, the simulated GW data based on the Q3nod model can provide the tightest constraints on cosmological parameters. Due to the fact that the standard sirens from Taiji can be used to break the parameter degeneracies generated by the CMB data, the combination of Planck CMB data and Taiji GW data can provide rather good constraints on dark energy parameters. We also find that the constraint capabilities of CMB+BAO and CMB+Taiji are actually similar, and thus the Taiji GW data have the comparable capability, compared with the BAO data, in breaking the parameter degeneracies generated by the CMB data. In addition, although the CMB+BAO+SN data can provide rather tight constraints on cosmological parameters, the inclusion of the Taiji GW data can still make significant improvements for the cosmological parameter estimation, which is shown by considering an ideal scenario in which it is assumed that the redshift error from future EM observation can be significantly reduced.
